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We present the results of molecular dynamics simulations of net positively charged fullerene nanoparticles in salt-
free and salt-added solution. The aggregation of fullerene (C60)-like nanoparticle and counterion are studied in detail as
a function of temperatures and a finite salt concentration. Our simulations show that the strong conformation changes as
temperature changes. The net positively-charged nanoparticles do not repel each other but are condensed under proper
temperatures. If salts are added, the aggregated nanoparticles will be disaggregated due to the Debye screening effect.
Keywords: nanoparticle, molecular dynamics simulation, aggregation, counterion release
PACS: 82.45.Gj, 82.37.Np DOI: 10.1088/1674-1056/23/4/048201
1. Introduction
Nanotechnology has vast potential in uses such as fuel
cells, microreactors, drug delivery devices, and personal care
products.[1] The fullerene C60 is one type of manufactured
nanoparticle. Fullerenes are lipophilic and localized into lipid-
rich regions such as cell membranes in vitro. The mecha-
nism of the nanoparticle synthesis is still unclear.[2,3] How-
ever, it has been found that C60 molecules tend to aggre-
gate in different solvents.[4,5] It is assumed that the fullerene
nanoparticle formation process involved the aggregation of
C60 molecules. Nanoparticle aggregation is of major impor-
tance in biomedicine, yet it is not well understood. Several
studies have pointed out the toxicity of fullerene nanoparticles
on microbes and human cells.[6,7] While the mechanism of the
toxicity of fullerene nanoparticles is still being discussed,[8]
the condensation state of the nanoparticles may play a role in
determining its level of toxicity. However, these mechanisms
are yet to be verified in the case of fullerene nanoparticles. The
aggregation and deposition kinetics of fullerene nanoparticles
in the presence of monovalent electrolytes have been investi-
gated by employing experiments. It is pointed out that elec-
trostatic double layer repulsion controls their aggregation and
deposition kinetics as predicted by the DLVO theory.[1,9]
This paper deals with the phase transitions, self-assembly,
and aggregation of nanoparticles in solution. we present a
computer simulation study of nanoparticles aggregation. Our
work is aimed to study nanoparticles aggregation from the way
which refers like-charged nanoparticle attraction as a result of
strong electrostatic correlations in the presence of counterions
or at low temperatures. The paper is organized as follows. The
simulation model is introduced in Section 2. Subsection 3.1
shows the simulation results and discussion for salt-free con-
dition. Effects of added salt are discussed in Subsection 3.2.
Our conclusions are presented in Section 4.
2. Models and simulation methods
A fullerene-like sphere, which consists of 60 beads, was
used to represent fullerene nanoparticle (see Fig. 1). The
diameter of each nanoparticle is equaled with 17.4 Å. The
charges on the nanoparticle surface are strongly nonuniformly
distributed, while they are net positively charged. Nanopar-
ticles are surrounded by their neutralizing counterions. The
LAMMPS molecular dynamics package[10] was used to carry
out the simulations.
Fig. 1. (color online) C60 fullerene-like nanoparticle with negatively
charged segment (in blue color) and positively segment (in red color).
Yellow bead denotes neutral segment.
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The total interaction potential was composed of four con-
tributions:
Utot =ULJ +UCoul. (1)
The nanoparticles were assumed to be in athermal solvent,
modeled by a purely repulsive short-range Lennard–Jones po-






















The cutoff radius was rc = 21/6d, d being the size of the
bead and ε the potential depth. The latter was of no signifi-
cance here because of the athermal solvent assumption. The
Coulomb interaction is of long range and has to be addressed
with particular care. The simulation package LAMMPS in-
cludes the implementation of the particle–particle/particle–
mesh (PPPM) algorithm[11] that solves the field equation on
a lattice through fast Fourier transformation. In this way, the
influence of periodic images of charged particles were prop-




















|𝑟i j +nxL𝑒x +nyL𝑒y +nzL𝑒z|
, (3)
where qi and q j are the corresponding charges and lB =
e2/4πε0εkBT , the Bjerrum length,[12] defines the distance at
which both Coulomb energy and thermal energy (kBT ) are of
the same magnitude. 𝑒x, 𝑒y, and 𝑒z are unit vectors in x, y, and
z directions, and the indices nx, ny, and nz run over the peri-
odic images of the simulation box. Ntot is the total number of
charges and L is the box-size in the x, y, z directions.











where m is the particle mass and ς the friction constant. 𝐹i is
a Gaussian random force used to couple the system to the heat
bath, with the correlation function
〈𝐹i(t) ·𝐹 j(t ′)〉= 6mkBT ςδi jδ (t− t ′) . (5)
The temperature was kBT = 0.6ε , and the damping constant
ς = 0.5τ−1LJ with τLJ = (md
2/ε)1/2 being the Lennard–Jones
time.
3. Results and discussion
3.1. Effects of temperature in salt-free solution
Figure 2 shows nanoparticle-ion conformations at T =
180 K, T = 210 K, and T = 270 K, respectively.
(a) (b) (c)
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Fig. 3. (color online) Nanoparticle–counterion radius correlation func-
tion at different temperatures.
From the pictures, it is easily found that more nanopar-
ticles are aggregated at T = 180 K than T = 210 K, and
T = 270 K. The pair correlation function g(r)≈ n/r3 is related
to how the particles are packed together for short distances. In
Fig. 3 we display nanoparticle–counterion correlation function
profile at different temperatures. At distance from the center of
nanoparticle r = 11 Å, the correlation function reached a maxi-
mum value. It means counterions are adsorbed on nanoparticle
surface.
One way of thinking about just how strong and how long
the interaction range between an ion pair is, is to calculate how
far away two charges have to be, so that the attractive energy
to drive the charges to a particular configuration is equaled
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by the randomizing effects of the thermal energy. The electro-
static interaction in a system with a dielectric constant ε can be
characterized in terms of the Bjerrum length lB = e2/4πε0εkT ,
where e is the elementary charge and ε0 is the vacuum elec-
tric conductivity, T is temperature. The Bjerrum length is
the separation at which the electrostatic interaction between
two ions is comparable in magnitude to KT . If T is low-
ered, two charges should have stronger interaction. But the
nanoparticle–counterion correlation function is not in inverse
proportion to temperatures in this picture.
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Fig. 4. (color online) Nanoparticle–nanoparticle radius correlation
function at different temperatures.





















Fig. 5. (color online) Number of condensed nanoparticle groups at dif-
ferent temperatures for added salt solution and salt-free solution.
We show the nanoparticle–nanoparticle correlation func-
tion profile at different temperatures in Fig. 4. At distance
around 17.4 Å where is the nanoparticle surface, the maximum
number of nanoparticles are packed together and the correla-
tion function is clearly in inverse proportion to temperatures.
Originally the particle correlation should be more stronger if
temperature is lowered. But figures 3 and 4 show different
dependence of pair correlation function on temperatures. The
reason can be found in Fig. 5. There are positive and nega-
tive charges randomly distributed on each nanoparticle. Each
particle is surrounded with its counterions. Due to the strong
electrostatic attraction, some nanoparticles are aggregated to-
gether to replace the original counterions of nanoparticles. The
counterions of nanoparticles forming a group are released. So
the number of condensed ions around a nanoparticle is not in-
creased along with lowering the temperature.
3.2. Effects of added salt
In solutions, salts are ubiquitously used to control pH,
ionic strength, and osomlality in scientific research and indus-
try applications. It is important to understand how salts mod-
ulate nanoparticle–nanoparticle interactions, so that the solu-
tion behavior such as protein crystallization, precipitation, and
solution stability can be controlled. The following set of sim-
ulations were carried out at finite salt concentrations. In the
present model nanoparticle counterions and salt ions are con-
sidered to be identical they are subject to an unrestricted ex-
change. Interactions between charges are affected and reduced
in strength or screened by the presence of salt ions and co-ions.





where cs and cci are the salt and counterion concentrations
respectively. If salts are added, the Debye length is getting
smaller. It means the electrostatic interaction is screened by
salt ions and counterions. Figure 6 presents nanoparticle–
ion correlation function at salt concentration cs = 1.2 ×
10−5 mol/L. Compared with Fig. 3, nanoparticle–ion corre-
lation function is clearly in inverse proportion to temperature.
That can be explained from Fig. 5. For the same temperature,
fewer nanoparticles are aggregated in salt solution. It means
fewer counterions are released between nanoparticles. So
more counterions are distributed around nanoparticle surface
if temperature is lowered. The nanoparticle–nanoparticle ra-
dius correlation function at a finite salt concentration is shown
in Fig. 7. The first neighbor distance r1 is around 17.5 Å, the
second neighbor distance r2 is around 35 Å. The nanoparticle–
nanoparticle correlation function does not share an inverse re-
lationship with temperature which can be found in Fig. 4. This
is due to Debye-screening effect caused by added salts.
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Fig. 6. (color online) Nanoparticle–counterion radius correlation
function for different temperatures at salt concentration cs = 1.2×
10−5 mol/L.
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Fig. 7. (color online) Nanoparticle–nanoparticle radius correlation
function for different temperatures at salt concentration c = 1.2×
10−5 mol/L.
4. Conclusion
In this paper, we present a detailed MD simulations study
of aggregation and disaggregation of fullerene nanoparticles.
The nanoparticles are net positively charged at the studied so-
lution. The effects of temperatures have been investigated.
When lowering temperatures, more nanoparticles are aggre-
gated together. The strength of electrostatic interactions is
enhanced by maintaining the system at low temperatures.
Like-charged nanoparticles attract each other as a result of
strong electrostatic correlations at low temperatures. Lower-
ing medium of dielectric constant can also reach the same re-
sult. If we add salts into solution, the Debye-screening effect
is created by salt ions and co-ions. The strength of electrostatic
interaction is reduced. The disaggregation happens if the salt
concentration is high enough.
References
[1] Chen K L and Elimelech M 2006 Langmuir 22 10994
[2] Rudalevige T, Francis A H and Zand R 1998 J. Phys. Chem. 102 9797
[3] Nath S, Pal H, Palit D K, Sapre A V and Mittal J P 1998 J. Phys. Chem.
102 10158
[4] Brant J A, Labille J, Bottero J Y and Wiesner M R 2006 Langmuir 22
3878
[5] Halford B 2006 Chem. Eng. News 84 47
[6] Fortner J D, Lyon D Y, Sayes C M, Boyd A M, Falkner J C, Hotze E M,
Alemany L B, Tao Y J, Guo W, Ausman K D, Colvin V L and Hughes
J B 2005 Environ. Sci. Technol. 39 4307
[7] Sayes C M, Gobin A M, Ausman K D, Mendez J, West J L and Colvin
V L 2004 Nano Lett. 4 1881
[8] Lyon D Y, Adams L K, Falkner J C and Alvarez P J 2006 J. Environ.
Sci. Technol 40 4360
[9] Jonathan B, Hélène L and Mark R W 2005 Journal of Nanoparticle
Research 7 545
[10] Plimpton S J 1995 Comput. Phys. 117 1
[11] Pollock E L and Glosli J 1996 Comput. Phys. Commun. 95 93
[12] Tong C H and Zhu Y J 2010 Chin. Phys. B 19 048702
[13] Chen L, Merlitz H, Wu C X and Sommer J U 2011 Macromolecules 44
3109
048201-4
